In moving towards a more sustainable society, hydrogen fueled polymer electrolyte membrane (PEM) fuel cell technology is seen as a great opportunity to reduce the environmental impact of the transport sector.
for example, the transport sector alone was responsible for more than 20% of the total greenhouse gases emitted to the atmosphere in 2012 (EUSTAT, 2015) . Road transport is the second largest greenhouse gas emitting sector in the European Union and its increasing emissions can significantly undermine efforts made by other sectors to combat climate change.
In 2012, 21% of UK domestic greenhouse gas (GHG) emissions were from the transport sector (excluding international aviation) at 118 MtCO2eq, of which 68% were due to road transport. Although contributing the most of any transport mode (40%), emissions from cars and taxis have declined by 11% since 1990 11% since (DfT, 2014 .
In particular, for transport, the UK government has put in place several policies to reduce the emissions from this sector. For example, ultra-low emission vehicles can be purchased through specific grants set up by the Government and innovative research is funded through the Office for Low Emission Vehicles (UK Government, 2015) .
New fuels and alternative vehicles, i.e. hybrid electric vehicles, plug-in electric vehicles, battery electric vehicles (BEVs) or fuel cell vehicles (FCVs), will be required to meet carbon emissions reduction targets. In 2008, the National Research Council of the United States published a report showing that hydrogen-fuelled FCVs might be the best option to meet the greenhouse gas emissions reduction target in the long run (Thomas, 2009) . In 2012, the UK Government set up a private-public partnership called UKH2Mobility, in order to determine the main steps for the deployment of hydrogen FCVs in the UK from (UKH2Mobility, 2015 . The first report released by the partnership showed that 'the total CO2 emissions for a fuel cell electric vehicle (FCEV) can be 75% less than the equivalent diesel vehicle in 2030' according to the DECC 2050 Pathway analysis which shows a 20-50% FCEVs market penetration (UKH2Mobility, 2013).
Estimating the environmental impact of an emerging technology, such as FCVs, is not an easy task. Issues can occur because of lack of knowledge on the product system (i.e. efficiency and performance), time (i.e. reference year of manufacturing) and scale aspects, and uncertainties on the manufacturing process (Pehnt, free-of-charge tool, this model lacks transparency: the results are presented as aggregated and the inventory flows are listed as cumulative. Moreover, specifically for FCVs, the data sources considered for the manufacturing of the vehicle in the GREET model are about 15 years old (Karakoussis et al., 2001) .
A significant review of the design and manufacturing alternatives for fuel cells for vehicle applications was presented by Mehta and Cooper (2003) . This study gave a full understanding of the possible options for each component of the fuel cell stack; however, no inventory data (i.e. input and output flows) are available for the manufacturing processes described and therefore it cannot be used as a reference for a LCA analysis. The most cited LCA study on fuel cells is that published by Pehnt (2001) and used as a reference for further studies (Sorensen, 2004; Garrain et al., 2011) . The Pehnt study analysed automotive fuel cell stack manufacture but not the other associated components on the vehicle. Furthermore, the study was published more than ten years ago and did not show any inventory data used for the LCA model, because of commercial data protection. Hussein et al. (2007) analysed the environmental impact of a FCV from cradle to grave, and showed that the total GHG emissions of the FCV are 13 times lower compared to an internal combustion engine vehicle (ICEV).
However, the inventory data used in the LCA model are presented at a very high level of aggregation and no hot spot analysis is presented for the fuel cell system. Moreover, the only impact categories analysed were the GHG emissions and energy use. Dai and Lastoskie (2014) published a comparative LCA analysis on gas mobility options for passenger vehicles, such as compressed natural gas vehicles, fuel cell vehicles (from natural gas steam reforming to hydrogen) and battery electric vehicles (from natural gas power plants to electricity).
Although they presented a detailed inventory of the LCA model, the results were highly aggregated, given that the focus of their work was on the comparison amongst the vehicles rather than on the FCVs only.
The most complete works on FCVs were presented by Simons and Bauer (2015) , and Notter et al. (2015) at the beginning of 2015. The goal of the Simons and Bauer study was to evaluate the environmental impacts of current and future proton exchange membrane fuel cell systems for vehicle applications, including manufacturing, use and end-of-life phase. The inventory presented was comprehensive and a sensitivity analysis was performed on some key parameters of the fuel cell system; however, the hydrogen tank was not considered as a component of the FCV and no hot spot analysis of the membrane electrode assembly (which includes the catalyst layer) of the fuel cell stack was reported. Notter et al. presented comprehensive life cycle inventories for two types of high temperature PEM fuel cells, including micro-CHP applications and fuel cell vehicles. The main technology they analysed is rather specific, being multi-walled carbon nanotubes (MWCNTs) as the substrate for the catalyst. Moreover, they did not include the hydrogen tank in their inventory.
The present paper therefore aims at overcoming the limitations of existing studies, giving a full understating of the environmental impacts from the range of major components that constitute a fuel cell vehicle and assuming industrial scale production.
Methodology

Life cycle assessment methodology
Life cycle assessment is one of the most developed and widely used environmental assessment tools for comparing alternative technologies (Clift et al., 2000; Clift, 2013) . LCA quantifies the amount of materials and energy used and the emissions and waste over the complete supply chain (i.e. life cycles) of goods and services (Bauman and Tillmann, 2004) . Moreover, it helps to identify the 'hot spots' in the system; i.e. those activities that have the most significant environmental impact and should be targeted in the first instance, thus enabling identification of more environmentally sustainable options (Clift, 2006) .
Currently, more than thirty software packages exist to perform LCA analysis, with differing scope and capacity: some are specific for certain applications, while others have been directly developed by industrial organisations (Manfredi and Pant, 2011) . In this study, GaBi 7 has been used (GaBi, 2015) . GaBi 7 contains databases developed by ThinkStep it incorporates industry organisations' databases and also regional and national databases.
In the Impact Assessment phase, the emissions and inputs quantified in the Inventory phase are translated into a smaller number of impacts. The study focuses specifically on five impact categories -shown in Table 1 -which are considered most significant for the purpose of this work, given the high political focus put on emissions to environment, resource depletion and toxic substance discharges. However, other impact categories, as suggested by the ILCD Handbook, have been analysed in this study (EC, 2011) . For a full list of categories see
The global warming potential (GWP) characterises and calculates the impact of greenhouse gases based on the extent to which they enhance radiative forcing. GWP values for specific gases, developed by the Intergovernmental Panel on Climate Change (IPCC), express the cumulative radiative forcing over a given time period following a pulse emission in terms of the quantity of carbon dioxide giving the same effect (IPCC, 2007) .
Following common convention, for example in the Kyoto Protocol, the 100-year values have been used here.
The acidification potential (AP) indicator quantifies the impact of acid substances and precursors such as SO2, NOx, HCl, etc. Rain, fog and snow trap the atmospheric pollutants and lead to environmental damage such as fish mortality, leaching of toxic metals from soil and rocks, as well as damage to forests and to buildings and monuments. The abiotic depletion (AD) addresses the environmental problem of the diminishing pool of resources. It focuses on the depletion of non-living resources such as iron ore, crude oil, etc. The measurement unit of abiotic depletion is MJ as the majority of non-renewable resources represent energy sources. The photochemical ozone creation potential (POCP) is an indicator of the potential to create tropospheric ozone, expressed in equivalents to ethene as the reference species. The human toxicity potential (HTP) reflects the potential harm of chemical species released into the environment, based on both the inherent toxicity of a compound and the potential human exposure. Figure 1 shows the overall system boundary of this study. The goal of this study is to analyse the environmental impact associated with a fuel cell vehicle during its whole life cycle, including the manufacturing of the vehicle, its use phase and its end-of-life. With the aim to help stakeholders and policymakers make decisions for future investments in greener passenger vehicles, the impact of the entire life cycle of FCV, is compared to the life cycle of the ICEV and BEV and the results are reported according to the functional unit of 1 km driven by one vehicle (car). For this analysis, we assumed a lifetime of 150,000 km for all three vehicles, in line with literature (Notter et al. 2010) .
Goal and scope
Preliminary results had shown that the manufacturing phases significantly contribute to the total environmental burdens of the vehicles analysed, especially for the case of the FCV (as further specified in section 3.1). Hence, particular emphasis was put on the manufacturing phase and in addition to the total life cycle analysis, a detailed hot spot analysis for the production of a proton exchange membrane fuel cell car for passenger transportation is presented in this paper. The results show a comparison with the manufacturing phase of internal combustion engine vehicles (ICEVs) and battery electric vehicles (BEVs). Several processes are included in the production system, including the catalyst manufacturing step.
The electro-catalysts used in low-temperature fuel cells play a critical role in determining the performance (efficiency) and durability of the device. Owing to the wide-spread use of platinum group metals (PGMs), the electrodes are also a major cost. There is intense worldwide research effort to replace and/or reduce the amount of PGM in PEMFCs, and the materials cost associated with electrode fabrication is well-known;
however, the environmental cost and life-cycle impact of electro-catalyst manufacture needs to be properly understood. To account for different types of PEMFCs in terms of materials and thickness, a sensitivity analysis on key parameters and technological characteristics is also presented. In the analysis of the manufacturing phase, the functional unit chosen as a base of comparison is the manufacture of one vehicle. Detailed inventory tables can be found in the supplementary information to this paper. 
System characteristics
Proton exchange membrane fuel cells are widely considered the best option for vehicle applications; reasons for this include their rapid start-up time and high power density compared to other fuel cells types (Holton and Stevenson, 2013) . In terms of LCA of PEMFC systems, a range of sizes have been reported in the literature. Simons and Bauer (2015) analysed a 40 kWe system, which could then be scaled up and down to various system sizes, while Pehnt (2001) assumed a 75 kWe system. Notter et al. (2015) assumed a 10 kWe hightemperature PEMFC system. In this paper, we assume that the FCV is based on the FCX Clarity model developed by Honda, presently available on the market, which has an 80 kWe fuel cell system installed on board (Honda, 2015) . Table 2 presents the main performance characteristics of the fuel cell system assumed in the baseline.
The inventory has been built considering a production of 1,000 systems per year. This is a reasonable number, considering that PEMFCVs are not yet fully commercialised, and have not yet captured a significant portion of the passenger car market. The membrane separates the reduction and oxidation reactions, allowing the protons to pass through to complete the overall reaction and the electrons, created on the anode side, to flow through an external circuit, creating current (Srinivasan, 2006) . Although many attempts have been made to provide alternatives, nearly all of the commercially available membranes for PEMFCs are based on perfluorosulfonic acid (PFSA) (Hickner et al., 2004) . PFSA membranes are relatively strong, have high proton conductivity and are stable in the chemical environment of the fuel cell (Srinivasan, 2006) . The most commonly used PFSA for PEMFCs is Nafion (DuPont);
however, no LCA dataset is openly available for this material. Nafion is prepared via the co-polymerisation of variable amounts of unsaturated perfluoroalkyl sulfonyl fluoride with tetrafluoroethylene (TFE) (Hickner et al., 2004) . Non-reinforced Nafion membranes currently available from DuPoint include extrusion cast and dispersion cast membranes (Carlson et al., 2005) . Extrusion cast membranes (N-115, N-117, N-1110) are extruded from perfluoro sulfonyl fluoride resins, followed by hydrolysis and acid exchange steps (DuPont, 2015) . Dispersion cast membranes (NRE-211, NRE-212) are formed directly from solutions of PFSA in water and alcohol by a coating process onto an inert PTFE backing film (DuPont, 2015) .
The membrane assumed in the baseline scenario is a dispersion cast membrane NRE-211, with a 50 m thickness (Carlson et al., 2005 ). An extruded cast membrane is evaluated as an alternative in the sensitivity analysis, along with different thicknesses.
The production process for the baseline Nafion is based on Simons and Bauer (2015) . They assumed a proxy with 57.4 wt%. TFE and 42.6 wt%. sulphuric acid for the PSFA. An alternative proxy based on high density polyethylene (HDPE) production is analysed in the sensitivity analysis (Zhai et al., 2012) . To account for the dispersion cast process, the work from Carlson et al. (2005) is used as a reference. A coil coating process from Thinkstep database (GaBi, 2015) and a laminated foil process from Ecoinvent 3.1 (Frischknecht et al., 2005 ) are used as a proxy for the dispersion cast process.
Gas diffusion layer
The gas diffusion layer (GDL) allows direct and uniform access of the fuel and oxidant to the catalyst layer. Gas diffusion layer are usually made by woven carbon cloth or non-woven carbon paper coated with polytetrafluoroethylene (PTFE) to aid water management (El-kharouf et al., 2012) . A micro-porous layer (MPL) on the GDL acts as an interface zone between the relatively large feature size of the GDL and the much smaller catalyst particles; it is usually made from carbon or graphite particles with PTFE binder (Zhang, 2008) .
In the baseline scenario, a carbon cloth material coated with 10 wt%. PTFE (Gallo Stampino et al., 2011) and 5 wt%. of carbon black for the MPL layer (Simons and Bauer, 2015) is assumed for the GDL. Carbon cloth is made from carbon fibres. A carbon fibre production process was not available in the GaBi datasets (GaBi, 2015) , so a process based on polyacrylonitrile (PAN) as a precursor was modelled in this study. The PAN production process is based on the Thinkstep dataset (GaBi, 2015) . Carbon fibre production involves heating the PAN fibres to about 220C for oxidation and after that heating to above 1000C for carbonization (Das, 2011) . Energy requirements for carbon fibre production are based on De Vedgt and Haige (1997). PTFE production is based on the polymerisation of a tetrafluoroethylene (TFE) solution with ammonium persulphate, borax and water;
TFE production is available in Ecoinvent 3.1 (Frischknecht et al., 2005) .
The hydrophobic ink is prepared, as a solution of PTFE and carbon powder, with solids content of 27 wt%. Then a three-stage drying oven is used for sintering, up to 350° C (Carlson et al., 2015) . Finally, the MPL is deposited onto the GDL followed by heat treated. To account for the GDL manufacturing process a thermoforming calendaring process from Ecoinvent 3.1 is assumed as a proxy, based on Simons and Bauer (2015) .
To account for alternative inventory for the carbon fibre production process, a scenario based on the inventory developed by Boureima et al. (2009) was modelled in the sensitivity analysis.
Catalyst layer
The catalyst (or electro-catalyst) layer is required to generate high rates of reaction at the relatively low temperature of a PEMFC (Litster et al., 2004) . The most widely used electro-catalyst for PEMFC is platinum (Pt)
for both the anode, for the hydrogen oxidation reaction (HOR), and at the cathode for the oxygen reduction reaction (ORR). Platinum material cost and loading are major cost drivers. The US Department of Energy (DOE) has established a 2017 technical target for the reduction of the total Pt loading: from the 0.4-1.0 mg•cm -2 used in current PEMFCs to the future 0.125 mg•cm -2 Pt loading (Jha et al., 2013; DOE, 2012) .
Further reductions in cost for equivalent performance will necessary require the development of novel catalysts such as Pt alloys, core-shell Pt nanoparticles (where a core of cheaper material is coated with Pt), Pt supported on nano-whiskers and Pt nanotubes, and platinum-free catalytic systems (Jha et al., 2013; Holton and Stevenson, 2013) . The interest is mainly in improving the ORR at the cathode, which is the slowest step in the FC chemistry. Although gas atomised nickel with dopants can offer comparable fuel cell performance to Pt (Wilson et al., 2013 and Wang 2010) , Pt is dominating the PEMFCs market thanks to its stability, activity and selectivity (Holton and Stevenson, 2013) . The Pt loading assumed in the baseline of this study is 0.6 mg cm -2 , which is based on Battelle (2013) . Lower Pt loadings are investigated in the sensitivity analysis.
The catalyst is usually supported on porous conductive materials with a high specific surface area, which are necessary to obtain a high dispersion of the catalyst to increase its performance (Shao et al., 2009 ). The most commonly used catalyst support is carbon black, which is also assumed in this study. Figure 3 shows the flows and process steps assumed for the carbon pre-treatment and catalyst on carbon support manufacturing process, for 1 g of Pt C -1 (Battelle, 2013) .
First, the carbon support is prepared. Potassium hydroxide is added to hot water to produce 1 M KOH. To this, carbon is added and the mixture is stirred at 70-100°C for 5 hours, before heat is removed and the mixture is stirred overnight. The carbon is filtered and washed extensively, until the pH of the filtrate returns to neutral.
Filtering is usually performed using a vacuum filtration assembly. Finally, the washed carbon is dried at 80-105°C under air, in an oven. In the catalyst manufacturing phase, the treated carbon is dispersed in hot water by stirring. Following this, the required amount of platinum precursor (typically H2PtCl6), to give the desired weight of platinum on carbon (i.e. 40%), is added to the hot water/carbon mixture and stirred at ~70-100°C for 30 minutes. At this point, the pH of the reaction mixture, still at ~70-100°C and stirring, is adjusted using a sodium bicarbonate solution; pH 7 is then maintained for 30 min. The reaction mixture is reduced by adding a concentrated solution of sodium borohydride; this is left stirring at ~70-100°C for one hour before cooling. The mixture is then filtered and thoroughly washed. Filtering is performed using a vacuum filtration assembly. The washed catalyst is then dried at 80-105°C under air, in an oven. Finally, the catalyst is treated in a tube furnace at 150-200C° under 10% hydrogen in nitrogen.
Figure 3. Pt on carbon support production process (Battelle, 2013) .
Pt is mainly produced in South Africa, which contributes to about 70-80% of the world's platinum production, with the rest coming mainly from Russia. The Russian production route differs from that of South Africa because the main focus of the former is on nickel production and not on precious metal production, as in the latter (GaBi, 2015) . The total Pt supply in 2012 was 160,000 Kg, of which the autocatalyst market represented the largest demand sector (more than 40% of the total demand) (JM, 2013) . In this model, we assumed that Pt material is coming from primary resources; the production process for Pt accounts from the extraction of the metals from the ore to their refining.
The catalyst is commonly prepared in the form of an ink. For the purpose of this study, we assumed a ball mill production process, with a wet catalyst solution composed of 6 wt% Pt/C, 9 wt% carbon black (Vulcan), 72 wt% Nafion DE-521 solution, 6.5 wt% DI water and 6.5 wt% methanol, which corresponds to a dry catalyst composition of 48% carbon black (Vulcan), 32% Pt/C and 20% Nafion (Battelle, 2013) . The total electricity required for the ball milling is 0.58 kWh•cell -1
, assuming a 10 kWe nominal power requirement for 1 m diameter ball mill (Battelle, 2013) . The solution requires a constant stirring process for 8-10 h.
The catalyst ink can be applied either on the GDL or the membrane through different processes (Metha and Cooper, 2003) . We assumed a spraying catalyst decaling method application direct to the membrane (Battelle, 2013) . This is a two steps process: the thinner anode layer is spray coated directly on the hydrated membrane and dried, while the thicker cathode layer is spray coated onto a transfer substrate and dried. The two catalyst layers are then heated and roll pressed, with the transfer substrate, usually made from polyester, peeled away from the cathode layer following pressing. The total electricity required for spraying and decal transfer is 0.05
. This depends on the batch size assumed in this study, which is calculated based on a quarterly production schedule of 1000 stacks per year. The decal transfer is done in an infrared environment at 100 C, with a power consumption of 23 kW•m -2 (Battelle, 2013) .
MEA assembly
The catalyzed membrane is then hot pressed between two gas diffusion layers and die cut to the final cell dimensions. Pressing of the membrane and GDL is done at around 100 psi and 100 C for 124 s, in order to achieve the best contact possible. The total electricity required by the hot pressing and cutting process is 0.04
. Total weight of the MEA is 27.56 g•cell -1 . This is constituted by two gas diffusion layers; the membrane; and two catalyst layers.
Bipolar plates
The bipolar plate have several functions within the fuel cell: they help distribute the fuel and oxidant within the cell; they facilitate water and heat management; they separate different cells in the stack; and they carry electrical current from the cell (Brett and Brandon, 2007) . The bipolar plates are usually the largest weight contributor to the fuel cell stack, as shown in Figure 4 . There are different materials available for bipolar plates; the most used are: graphite composite materials, flexible graphite foil and stainless steel alloys. In the baseline scenario, we assumed a compression moulded graphite composite material. The material is preformed into the required shape and then moulded at 160°C. The plates are then baked at 175°C for 15 minutes. The total energy requirement for the compression moulding and baking steps is 3.2 kWh•cell
. This is based on an energy requirement for the compression moulding of 0.091 kW•cm -2 .
Based on Hsiao et al. (2010) , the composite material was assumed to be composed of 70% graphite and 30% vinyl ester. For the vinyl ester, a proxy based on vinyl acetate monomer (VAM) production was used (GaBi, 2015) . For the graphite, the 'graphite, battery grade' production process was assumed in the model (Frischknecht et al., 2005) .
Two scenarios were modelled in the sensitivity analysis to account for other materials suitable for bipolar plates: stainless steel and flexible graphite foil. Stainless steel plate inventory was based on Simons and Bauer (2015) , assuming titanium dioxide as coating material, sputtering as coating process and deep drawing for plates manufacturing. Flexible graphite foil is assumed to be composed of 81 wt% graphite powder; 15 wt% vinyl ester; 2 wt% carbon fibre and 1 wt% methyl ethyl ketone peroxide (Carlson et al., 2005) . The process for manufacturing the plate was the same as for the carbon composite bipolar plate.
Gaskets and end plates
The gaskets seal the MEA to the bipolar plate. It was assumed that the gaskets are steel rule die cut from a silicon roll. The outline of the gasket is laid out and cut into a board, strip steel is embedded into the board at a uniform height and mounted on a small-stroke, fast-acting press. The bulk gasket material, composed by silicon, is fed into the press and the material is cut (Battelle, 2013) . The total power required by the die cut is 0.6 We•cell -1 .
End plates are the components that, together with tie rods, clamp the fuel cells together in the form of a stack (Millichamp et al., 2015) . We assumed that the end plates overhang the stack width by 20 mm on each side to accommodate tie-roads. The process to manufacture end plates is a cellular manufacturing process and the material is A465 cast aluminium block. To model the material production we used the 'aluminium, production mix, cast alloy, at plant' in Ecoinvent 3.1 (Frischknecht et al., 2005) . 
Balance of plant (BOP)
The fuel cell BOP components are divided in four management systems: air, water, thermal and fuel. The air management system includes air filtration and a compressor expander module (CEM) for air supply. The water management system includes an enthalpy wheel humidifier for cathode air and a membrane humidifier for anode hydrogen. The thermal management system includes high-temperature radiators and a hightemperature coolant pump. The fuel management system includes a hydrogen recirculation blower and ejectors. The components of the BOP were modelled based on Carlson et al. (2005) 
CATHODE GDL BIPOLAR PLATES
To account for different assumptions made for the BOP components and materials, two different BOP models were analysed in the sensitivity analysis. The first one was based on the work of Simons and Bauer (2015) which considered a BOP of 1.49 kg per kWe produced by the FC system. The other was based on the Dai and Lastoskie (2014) inventory, which considered a 55 kg BOP for a 80 kWe FC system.
Hydrogen tank
The storage of hydrogen on-board a vehicle is a key challenge for the FCV industry. Hydrogen has almost three times the energy content of gasoline on a weight basis when comparing lower heating value (33 kWh.kg Presently, only a limited number of LCA studies on FCVs have included the hydrogen tank in their models (Dai and Lastoskie, 2014; Siddikou et al., 2009) . In this study, we assumed a carbon fiber-resin (CF) compositewrapped single tank system (Type IV tanks), based on Boureima et al. (2009) . The tank was assumed to store 5.6 kg of H2 at 350 atm, as for DOE target (Hua et al., 2010) . The total electricity required for the manufacturing of the tank was 4.5 kWh. The total weight of the tank in the baseline scenario was 117 kg (Boureima et al., 2009 ).
Other authors reported the hydrogen tank in their LCA study. Dai and Lastoskie, 2014 considered a 17 kg hydrogen tank, made by type IV carbon fiber. Greene and Duleep (2013) assumed in their cost model 5 kg hydrogen storage in a 50 kg mass tank. To account for different materials, two alternative models were developed for the hydrogen tank. The second model assumed a carbon fiber-resin (CF) composite-wrapped single tank system, with a high density polyethylene (HDPE) liner (i.e., Type IV tanks) capable of storing 5.6 kg usable hydrogen, as reported by Hua et al. (2010) . Then an additional analysis of an aluminium lined (i.e., Type III) tanks was also conducted, based on Hua et al. (2010) and Gerboni (2004) . The total weight for the two alternative systems was 119 and 93 kg respectively.
Battery and Power Control Unit
A battery to store electricity is needed in the fuel cell system. FCX Clarity Honda has a Li-ion battery installed on board (Honda, 2015) , with a 288 V output. We assumed the same battery modelled for the BEV (Ellingsen et al., 2014) , with a total output of 288 V. The power control unit was assumed to be the same as the BEV and it was modelled in the same way.
Glider and electric motor
The inventory for the glider (vehicle without a powertrain) is the same for the three passenger vehicles analysed, i.e. FCV, BEV and ICEV, and it was based on Ecoinvent 3.1 (Weidema et al., 2013) . The glider includes:
the body of the car, the steering, braking and suspension system, tyres, cockpit equipment (seats, belts, etc.) and non-propulsion related electronics. The reference for the Ecoinvent 3.1 database was a life cycle inventory analysis based on a "Golf A4, 1.4 l Otto", developed by Schweimer and Levin (2002) and adapted to a lighter vehicle of 1239 kg which represents current technology (Habermarcher, 2011) .
The glider, which accounts for the 64% of the total FCV weight, as shown in Figure 5 , is mainly composed by conventional steel (Habermarcher, 2011) . The electric motor is included in the powertrain, which also contains the AC/DC converter, the DC/DC converter and the power distribution unit. The electric motor was the heaviest component, accounting for almost 70% of the powertrain (excluding FC system) weight. 
Sensitivity analysis
A sensitivity analysis was carried out to investigate different assumptions on key components of the fuel cell stack and system. As shows in 
Use Phase
The use phase of the FCV has been modelled according to the data reported in Notter et al. (2015) . A hydrogen consumption of 0.85 kg/100 km has been considered. The hydrogen production process has been taken from Thinkstep Gabi, (2015) where hydrogen is considered to be produced according to a mix of technologies, including steam reforming, electrolysis of water and steam cracking e.g. of ethane or naphtha for olefin production.
Disposal Phase
In the disposal phase models of the FCV, the valuable outputs considered by system expansion are the metals:
mainly nickel, cobalt, platinum, manganese, aluminium, copper and steel, etc. The latter is the main component, in weight, of the glider. The recycling of each of the previous metal is considered together with the processes required for recovery.
Two steps have been considered for the end of life treatment of FCV (Tagliaferri et al., 2016) . The first refers to the disposal of the glider and the power train excluding the battery and the model for this is based on Ecoinvent 3.1; the second, involving the battery and fuel cell disposals after dismantling, have been modelled according to currently used technologies in specialised industries (Umicore 2015) and already described in Tagliaferri et al. (2016) . Different weights of the battery and the fuel cell systems have been considered in the assessment
Life cycle inventory: the ICEV
The inventory for the ICEV manufacturing phase is based on Ecoinvent 3.1 database (Weidema et al., 2013) as this reported average characteristics of a ICEV. The model refers to a life cycle inventory analysis based on a "Golf A4, 1.4 l Otto", developed by Schweimer and Levin (2002) . The inventory was then scaled up to match the total weight of a lighter vehicle of 1239 kg which represents current technology (Habermarcher, 2011) . The emissions to air during the manufacturing process are assumed to result from stationary combustion processes at the factory site (Ecoinvent 3.1).
For the ICEV use phase, the same lifetime of the BEV (150,000 km) is assumed. The fuel consumption is 50.04 mL/km, based on Ecoinvent 3.1. For air emissions, a EURO 5 vehicle is modelled, in accordance to the most recent European regulations on the subject. The model for the diesel production is based on Thinkstep database (Gabi, 2015) . The data set cover the entire supply chain of the refinery products. Country / region specific downstream (refining) technologies, feedstock (crude oil) and product (diesel fuel, etc.) properties, like sulphur contents, were considered.
The disposal of the ICEV is based on Ecoinvent 3.1. It accounts for 100% recycling of aluminium, copper and steel contained in the vehicle. The rest of the materials is assumed to be sent to an incineration plant after dismantling. Precious metals life cycles have been included in the assessment according to Ecoinvent. FC and electric vehicles are possible alternatives not only to diesel cars but also to petrol cars. However, petrol cars have not been considered in this study because a preliminary analysis showed that petrol and diesel cars determine very similar environmental impacts (except for particular matters and its impact which is however considered in the human toxicity potential indicator). Hence, the diesel car only was further compared to the FC car.
Life cycle inventory: the BEV
For the BEV, a Nissan leaf is assumed as a reference vehicle for the battery and the whole life cycle is modelled as detailed in a previous publication by the same authors (Tagliaferri et al., 2016) .
The manufacturing of the battery is based on the inventory presented in Ellingsen et al. (2014) . The powertrain of the battery electric vehicle includes all the units of the BEV excluding the glider and is modelled according to Ecoinvent 3.1, as done for the FCV and the ICEV. The total weight of the glider and the powertrain excluding the battery is 918 kg as reported in the Ecoinvent 3.1 database (Habermarcher, 2011) . The weight of the Li-ion battery is 214 kg, corresponding to a specific power of 112 Wh•kg -1 (overall size of 24 kWh).
For the use phase, the electric energy needed to drive 1 km was assumed equal to 0.56 MJ/km, with a powertrain efficiency of 80% in a standard driving cycle, based on Tagliaferri et al. (2016) . The disposal phase is modelled according to what reported in section 2.3.3 and detailed in Tagliaferri et al. (2016) .
Results
Whole life cycle
The baseline of the FCV has been considered for the comparison of the whole life cycles. Figure 6 reports the GWP, AD and HTP of the three technologies analysed (FCV, ICEV and BEV), identifying the hot spots. These indicators have been chosen for this analysis as key results were indentified for them.
The comparison for the GWP highlights how the results strongly differ in relation to the use of fossil fuels (for the ICEV), electricity mix (for the BEV) and hydrogen (for the FCV) in the use phase. The disposal phase is shown to be negligible for all three technologies. Overall, the ICEV shows the highest GWP and this is mainly due to the use phase and the fossil carbon emissions associated to the use of diesel. The FCV shows the lowest impact for the use phase thanks to the use of hydrogen. However, the manufacturing phase limits its total environmental results. Conversely, the BEV shows that the contributions of the use and manufacturing phases are similar. As previously reported, the results of the BEV use phase are based on and strongly correlated to the assumption of an electricity consumption of 0.56 MJ/km. This is similar to the consumption reported in the literature (Notter et al. 2010 and Ecoinvent 3.1), which shows an electrical consumption of 17 kWh for 100 km, referred to a combination of the urban (12.8 kWh/100km) and extra-urban (16.8 kWh/100km) energy consumption in a New European Driving Cycle, (NEDC), plus the consumption of heating and air conditioning during one year. A slightly lower electrical consumption was assumed by other authors (Majeau-Bettez et al. 2011a; Ellingsen et al. 2014 ), corresponding at 3,000 cycles for the battery lifetime, and equals to 0.5 MJ/km.
For the HTP, the manufacturing phase of the three vehicles again causes the highest burden in the total life cycle. The AD of the FCV is strongly associated with the manufacturing phase whereas the depletion of fossil fuels for the ICEV is mainly due to the use phase.
As just shown, the manufacturing phase causes a significant impact over the total life cycle of vehicles.
Therefore, to further assess the contribution of this phase, especially for the FCV, a more detailed analysis is reported in the following sections. Figure 7 shows the results of the environmental impact assessment of the manufacturing phase of the three vehicles analysed. In addition, the best scenario for the PEMFCVs evaluated in the sensitivity analysis is presented in the comparison. During the production of the fuel cell vehicle, the emissions of greenhouse gases are almost double when compared to the manufacturing process of an ICEV. In fact, the total GWP impact of a FCV is about 16 ton CO2 eq compared to ~8 ton CO2 eq for a ICEV. This is mainly due to the production of the hydrogen tank and the PEMFC stack, which account of 46% of the total impact in the climate change category, being only 21% of the total FCV weight. The contribution to the global warming of the BEV (9.8 ton CO2 eq) is again lower compared to the FCV, although still larger then a conventional ICEV. This is mainly due to the Li-ion battery production.
Manufacturing: comparative and hot spot analysis
The same trend is observed for the other impact categories presented in Figure 7 , where the contribution of the manufaturing of the stack to the total FCV impact is also evident, except for the human toxicity category.
Here the BEV shows the lowest impact compared to the other two vehicles and the fuel cell stack does not show a significant contribution, which comes instead from the BOP, powertrain and the FC management system. This is mainly related to the production of metals, such as aluminium in the BOP, hydrogen tank and powertrain. Amongst the macro units which constitute the FCV, the hydrogen tank and the FC stack represent the most critical components for almost all the impact categories analysed and a hot spot analysis was performed to identify the main sources of impact. Figure 8 shows the hot spot analysis for the hydrogen tank, for all the impact categories considered in this study. The carbon fibre production is the main contributor in most of the categories, although other materials production shows a higher impact in the toxicity-related category (i.e. aluminium in the human toxicity category and in the marine aquatic ecotoxicity category). The production of carbon cloth is a very energyintensive process, which involves, in particular, thermosetting of the PAN fiber in oxidized atmosphere at 200-300°C and a carbonization at 1,000-1,700 °C. This results in a high electricity consumption, which represents almost 80% of the total carbon fibre production impact. Figure 9 shows the hot spot analysis for the FC stack. The impact is dominated by the production of three components: the gas diffusion layers, the catalyst on carbon support and the bipolar plates. In terms of GWP, the impact is shared amongst these (40% GDL production, 20% production of the catalyst on carbon support, 20% bipolar plates production) and the last 20% is represented by the membrane production and the electricity supplied during hot pressing the catalyst layers on the membrane. The production of the catalyst is totally dominated by the production of the platinum, which includes extraction from the ore and its refinement at the ore site. Both the pre-treatment of the carbon for catalyst support and the production of the chloroplatinic acid are negligible. The impact of the Pt production dominates the abiotic depletion impact (elements), the acidification potential and the terrestrial ecotoxicity potential, because of the precious metal extraction from the ore. Surprisingly, the impact due to the membrane production (extrusion cast membrane for the baseline)
is less than 10% in almost all the impact categories.
The bipolar plate production dominates the eutrophication, freshwater toxicity, human toxicity and photochemical creation categories. This is due to the production of the graphite, which includes heating the coke in an electricity-heated oven at 2,800 °C for one week (Ecoinvent 3.1). The natural graphite is extracted from the mines and emissions which contribute to the POCP, HTP and EP are occurring from this stage. Gas diffusion layer production represents a significant source of environmental impact, not only for the climate change category, but also for the resource depletion and toxicity (marine aquatic) categories. In the baseline scenario it was assumed that the GDLs were made as a composite material, composed of carbon cloth (90%) and PTFE (10%). The carbon cloth production is responsible for almost 90% of the fossil resource depletion (because of the energy required in the process) and for 60% of the GWP. On the other hand, PTFE production produces 90% of the marine aquatic ecotoxicity impact associated with the GDL production, because of the emissions to water which occur during chloroform production. Figure 9 . FC stack hot spot analysis.
Manufacturing: Sensitivity analysis
In the sensitivity analysis we investigated different scenarios in terms of materials, physical characteristics and the proxy assumed in the process for some of the key components of the FCV. Figure 10 shows the results for the fuel cell stack when three scenarios developed for the bipolar plates are assumed. The impact is then normalised to the baseline Scenario impact (i.e. composite bipolar plate, 2000 m thick). S6 and S7 are based on different materials (i.e. graphite foil for S6 and stainless steel for S7) while S8 is based on a larger thickness for the BPs (i.e. 3000 m instead of 2000 m). S6 and S7 referred to the work of Carlson et al. (2005) and Simons and Bauer (2015) respectively, while S8 is based on Battelle (2013) . All three scenarios analysed show a worse environmental impact compared to the baseline for almost all the categories.
In particular, Scenario S7, where the BPs are assumed to be stainless steel, show a significant higher impact compared to the baseline for all the impact categories. This is mainly due to the production of the stainless steel, which has almost three times the density of composite BP or graphite foil BP. A graphite foil BP will slightly increase the environmental impact of the FC stack, giving, for example, a 4% increase in GWP, which is the same rise obtained with an increase thickness (Scenario S8). and physical characteristics (S8: 3000 m).
In Scenario S9 and S10 the Pt loading in the MEA is varied. A different Pt loading would determine a lower performance of the fuel cell that in turn would require a larger fuel cell. However, advanced catalyst formulations are assumed to be used; this would reduce Pt loading and provide equivalent electrochemical performance. The results are shows in Figure 11 in terms of variation of the environmental impact of the stack compared to the Baseline Scenario. Both scenarios present a lower catalyst content compared to the baseline (i.e. 0.3 and 0.15 mgˑcm -2 for Scenario S9 and S10 respectively, compared with 0.6 mgˑcm -2 for the Baseline Scenario);
therefore, a reduction of the impacts was expected. However, the sensitivity analysis showed how much the environmental footprint of the stack could be reduced when the catalyst content was lowered. In terms of GWP, halving the Pt loading in the stack brings a 16% reduction of the GWP, while a further 10% reduction could be obtained when the Pt loading is cut down to 0.15 mgˑcm -2
. The highest reduction is obtained, as expected, in the primary element depletion category, because of the lower amount of Pt which is extracted from the ore. For the same reason, the impact in the acidification category is halved in Scenario S10. area and 0.02 m 2 of active area per cell). S12 refers to 0.8 Wˑcm -2 (PD per active area) and 0.023 m 2 active area per cell and reflects the assumptions made by Dai and Lastoskie (2014) in their fuel cell model; while S13 refers to 0.6 Wˑcm -2 and 0.027 m 2 per cell and reflects the DOE target for 2020 (USdrive, 2013a) .
Both scenarios show a lower environmental footprint compared to the baseline because of the reduced number of cells needed per stack to obtain the same power output (i.e., 6 cellsˑper kW for S12 and 7 cellsˑper kW for S13). The higher reduction is obtained in scenario S12, meaning that a greater benefit is achieved for the environmental impact of the stack when the power density is increased, compared to a larger active area (as in Scenario S13). The biggest reduction is obtained again for the primary element depletion indicator, because of the lower total quantity of Pt per FC system which is needed in S12 compared to the baseline. Figure 13 shows the results of the sensitivity analysis when two different alternative inventories for the BOP are considered. Scenario S14 is based on the model developed by Simons and Bauer (2015) , which was based on the DOE targets (DOE, 2007) and the BOP inventory of a BEV presented by Notter et al. (2010) . Scenario S15
was instead referred to the model developed by Dai and Lastoskie (2014) , which was then based on Carlson et al. (2005) and Masten et al. (2010) . S15 shows an improvement of the environmental impact of the BOP for all the impact categories compared to the baseline, although the total weight considered in Scenario S15 is 55 kg for the BOP, compared to 35 kg in the Baseline Scenario. This is mainly due to different components and materials assumed in the two inventories which are described in the Supplementary Information. Figure 13 . Sensitivity analysis on BOP system. S14 refers to the inventory developed by Simons and Bauer (2015) ; S15 refers to the model developed by Dai and Lastoskie (2014) .
A sensitivity analysis on the hydrogen tank manufacturing process was also carried out. Figure 14 shows the variation in terms of environmental impact which was obtained for the FCV in S16 and S17, compared to the FCV baseline scenario. S16 represents an aluminium liner Type III tank (Hau et al., 2010; Gerboni et al., 2004) , while S17 includes a Type IV carbon fiber-resin composite-wrapped single tank system, with a high density polyethylene liner (Hau et al., 2010) . For the latter, the environmental impact reduction is higher for all the impact categories. In particular, the larger discount is obtained for the GWP and fossil source depletion, where 30% and 35% reductions are obtained, respectively. Terrestric Ecotoxicity Potential (TETP inf.) S15 S14 Figure 14 . Sensitivity analysis on hydrogen tank manufacturing process. S16: aluminium liner Type III tank; S17:
Type IV carbon fiber-resin composite-wrapped single tank system, with a high density polyethylene liner Finally, we combined the results obtained in the sensitivity analysis on each component to obtain a best scenario for the PEMFCV, where the highest reduction of the environmental impact is achieved. As shown in Figure 7 , the GWP of the FCV best scenario is still 40% higher than the ICEV and 20% higher compared to the BEV; the tank and the FC stack manufacturing still account for almost 30% of the total GWP impact of the vehicle. The only indicator of the FCV best scenario which is lower than the ICEV is the human toxicity potential, thanks to the potential reductions in FC stack and BOP manufacturing when the assumptions of the best scenarios are applied.
Discussion
The results of this study were compared to findings coming from similar studies. This is shown in Figure 15 where it is observable that the order of magnitude of the GWP impact obtained for the manufacturing of a fuel cell stack is similar for all the studies considered. The value reported by Pehnt (2001) is referred to a FC stack which is more than ten years old. Moreover, Pehnt did not report inventory data for the FC stack, so it is difficult to identify the specific reasons for this difference. Two studies published in 2015 reported a similar figure for the fuel cell stack, specifically 25 kg CO2 eq per kWe was reported by Simons and Bauer (2015) around 0.017 kg CO2 eqˑkm -1 was reported for a 90 kWe stack in Notter et al. (2015) . The impact found by Simons and Bauer (2015) and reported in Figure 15 refers to a fuel cell stack produced in 2012. This is the same value calculated for the Best Scenario in this study, although they made different assumptions in terms of manufacturing processes and thickness for the key stack components (e.g. they considered stainless steel bipolar plates) and they did not include the hydrogen tank in their analysis. Simons and Bauer (2015) evaluated a 2020 and sensitivity analysis scenarios too; they found a lower impact for the fuel cell stack, specifically 17
and 15 kg CO2 eq per kWe, meaning that the impact of the FCV could be further reduced with different assumptions on the stack components. The GWP value found in Notter et al. (2015) includes the impact of the PEM FC manufacturing, but also its disposal and maintenance. However, this pertains to a different carbon support technology (i.e. multi-walled carbon nanotubes) and to the deposition of the catalyst layer on the GDL instead of the membrane, as assumed in this study. Although different assumptions are made on the fuel cell vehicle components in Notter et al. and Simons and Bauer (2015) , the comparative analysis shows the same trend between FCVs and ICEVs, supporting the results obtained in this study. manufacturing impact of FCVs to be comparable with ICEVs. For example, as shown in Figure 16 , even a zero Pt loading FCV will still have a higher environmental impact than an ICEV in the manufacturing phase. Figure 16 . Variation of GWP, HTP, POCP and AP (normalised on the ICEV impact) with respect to Pt loading.
As noticed by Notter et al. (2015) , the level of Pt loading in automotive FCs is much lower compared to stationary applications and therefore, the impact of the disposal phase and recycling of metals was shown to be negligible. The benefits of Pt recycling have a lower influence on the overall performance for automotive FC systems.
As shown by relevant recent studies Simons and Bauer, 2015) , the impact of the FCV use phase might be higher than a conventional diesel car if hydrogen is produced totally by electrolysis instead from a mix of technologies (as assumed in this study) using the present EU electricity mix. Assuming that the electricity to run the electrolyser is produced by renewable resources (such as wind or Photo Voltaic systems), the impact of the use and manufacturing phase of a FCV could be reduced by between 36% (with Photo Voltaic system as shown by Simons and Bauer, 2015) and 65% (with wind power as shown by Notter et al., 2015) compared to an ICEV. However, as also pointed out by Tagliaferri et al. (2016) , the increased uptake of biomass in the production of diesel will lead to the decrease of the GWP of the ICEVs, as well. Therefore, the different mobility systems will all improve the environmental performances without changing their relative difference between 2015 and 2050 (Tagliaferri et al., 2016) . If we then compared the FCV with a BEV, the advantages of the first to the latter are the slightly lower impacts related to the infrastructure and the higher driving autonomy and very short refuelling time . A lot of assumptions have been made throughout this analysis in order to assess the impact of manufacturing a FCV. The uncertainties associated with these assumptions were inevitably propagated into the impact assessment. No primary data were used for building the inventory of the manufacturing of the FCV components; thus uncertainties related to the primary source of the inventory data were included in this analysis as well. As an example, the sensitivity analysis on the BOP inventory showed that the impact is not only determined by the total weight of each component, but also by the assumptions on the materials which constitute the component. Finally, uncertainties are also related to the impact assessment methodology. For example, the manufacturing of some of the components involve nanotechnology use. For these processes, little information is available in terms of direct emissions which might further increase the environmental impact of the FCV (Notter, 2015) .
Conclusions
A life cycle assessment analysis of three types of vehicles, a FCV, a FCV and a BEV was developed in this study.
The GWP of the disposal phase was shown negligible for all three technologies. The environmental benefits of using hydrogen in the use phase of the FCV were identified; for the GWP, the FCV showed a significant improvement in the use phase when compared to the other technologies. However, reducing the environmental impact associated with the manufacture of fuel cell vehicles still represent an important challenge that need to be addressed in future years.
A life cycle assessment analyses of the environmental impact associated with a fuel cell vehicle during its manufacturing phase was also presented in this paper and compared with two other types of vehicles: an internal combustion engine vehicle and a battery electric vehicle.
The production process of a fuel cell vehicle is predicted to produce a higher environmental impact compared to the production of the other two vehicles' power sources. This is mainly due to two components: the hydrogen tank and the fuel cell stack. A sensitivity analysis on these two components was then presented to highlight the potential improvements that can be achieved for the manufacturing of a fuel cell vehicle. The range of parameter variation was identified according to the targets set by the Department of energy (DOE). A best-case scenario was developed combining the results of the sensitivity analysis obtained for each component and reflected the DOE targets. This was still showing a 40% higher GWP compared to an internal combustion engine vehicle.
The results were compared to leading works that have taken different approaches to the analysis. While showing consistency with the published studies, none of the other recent studies included the hydrogen tank in their analysis.
Finally, this work has responded to some recommendations made by the recently published papers in the field.
Building on the work of Simons and Bauer (2015) , this study has taken in consideration real-world average values for ICEV as opposed to what done by these authors who considered an ICEV operating according to type-approval fuel consumption and emission limits. Furthermore, as proposed by Simons and Bauer (2015) , discussion on integrated energy systems allowing for the exploitation of renewable energy has been attempted.
Multi-walled carbon nanotubes (MWCNTs)
Oxygen reduction reaction (ORR). 
